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This dissertation is concerned with contributing to-
wards the development of a practical hydrogen burning 
engine, and more specifically with the development of an 
electrical circuit to synchronize the operation. of a mechan-
ical injection system where the fuel is hydrogen. This cir-
cuit, when assembled with a solenoid injector, speed, and 
demand power level input signal transducers will control the 
quantity of hydrogen fuel delivered directly into the cylin-
der of an internal combustion engi.n.eo 
This dissertation is not concerned with the development 
of the solenoid injector or the input transducers. It pro-
ceeds with speci1~ically assumed operating characteristics of 
these devices and outlines in the case of the solenoid in-
jector, how changes in these characteristics can be compen-
sated for in the electrical control circuit calibration. 
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World's Present Energy Problem 
American and world civilization is now faced with a 
sizable problem which affects the health and economy of 
nearly everyone and especially urban residents. This is the 
proper management of consumption and conservation of avail-
able energy resource and raw materials, Each day, today's 
industrialized society not only requires more energy and raw 
materials for each individual, but, also, numerous new indi-
viduals are brought into the sphere of this materialistic 
civilized world from the less developed societies. 
Continuously increasing amounts of energy are being 
produced and consumed daily; essentially all of this energy 
comes from the combustion of fossil fuels, mainly, petrole-
um, natural gas, and coal. This fossil source is being in-
creasingly used for raw chemicals, lubricants, plastics, and 
fertilizers. It is evident that today's civilization com-
pletely depends on an adequate supply of fossil fuels. It 
is also worth noting that fossil fuels burned today cannot 
be used for plastics and fertilizers tomorrow. Two unde-
sirable side effects of large-scale fossil fuel combustion, 
both of which seriously threaten civilization, are: 
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contamination of the atmosphere with carbon monoxide 9 carbon 
dioxide, sulfur dioxide, and other combustion products; and 
depletion of the earth's atmospheric oxygen supply (1). 
An Approach to a Solution 
It seems obvious from the foregoing that it is desir-
able to limit the combustion of fossil fuels as much as 
possible. Wherever possible, the conversion of energy by 
combustion must be replaced through selection of a non-
depleting, ~oncontaminating source such as nuclear, solar, 
or wind energy. Most electric power plants and ocean going 
vessels can be converted to atomic energy. Most domestic 
and commercial heating and power plants now operating on 
fossil fuels can be converted to electricity generated by 
this nuclear source. Rail and some other modes of transpor-
tation can likewise be converted to electricity. 
There is, however, one maj?r area of power generation 
that cannot conveniently or practically be converted to a 
noncontaminating form, by the above methods, and this in-
volves the internal combustion engine. Vehicles and equip-
ment using the internal combustion engine principle include: 
all land vehicles except an insignificant number which are 
powered by electricity; all aircraft, missiles and rockets; 
all portable power equipment not operated by electricity; 
occasional standby community power generation equipments. 
So far, no practical noncontaminating power generating device 
has been devised that can replace the internal combustion 
engine in the private automobile. 
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Since some forms of the internal combustion engine are 
likely to persist for some time, it appears desirable to 
evolve the engine into a form that does not contribute to 
the contamination-depletion problem. The development of a 
hydrogen burn,ing engine could be a practical answer to this 
problem. 
If off-peak power from atomic, solar, or wind energy 
conversion plants were used to electrolyze water into hydro-
gen and oxygen and the oxygen were subsequently released to 
the atmosphere, not only wo~ld a high energy fuel be pro-
duced which would be nondepleting and noncontaminatory when 
burned, but also as much oxygen would be produced as would 
eventually be consumed when the fuel was burned. If then, 
the hydrogen could be used to fuel internal combusion en-
gines, the exhaust products would not contribute (with the 
exception of oxides of nitrogen) to air contamination, 
oxygen, or fossil fuel depletion. 
The need for an energy conversion device, such as a 
hydrogen burning engine is obvious. However, the develop-
ment of such an engine depends on advancing technology in 
certain areas of combustion, engine design, and control. 
The remainder qf this report will be a discussion of prob-
lems encountered in the development of a research hydrogen 
burning engine and the details of a prototype automatic con-
trol system developed to help make this engine a practical 
reality. It is beyond the scope of this study to be con-
cerned with the over-all aspects of production and storage 
of hydrogen, economic analysis, or the optimization of any 
given engine design. 
It also should be emphasized that for a complete solu-
tion of air pollution and fossil fuel depletion, the pro-
posed system is dependent upon the adoption of a total world 
energy package where prime energy resources are: nuclear, 




Successful conversion of gasoline engines to burn 
hydrogen is reported as early as 1820 by Cecil (2). 
Further practical development was demonstrated in 1932 
by the German engineer, Erren (J), who designed and built 
several engines which could operate on hydrogen, conven-
tional fuels~ or mixtures of both. Engines as large as 
100 hp were developed with compression ratios of up to 12 
to 1o 
gine. 
A thermal efficiency of 45% was claimed for one en-
Some models of Erren engines were equipped to oper-
ate on mixtures of hydrogen and gasoline or oil. One such 
engine, a 50 hp, 4 cylinder bus engine showed a 30% in-
crease in power and 50% decrease in gasoline consumption 
when a small amount of hydrogen was added. An increased 
smoothness of operation was evidenced with added hydro~en 
which allowed the minimum idle speed to be reduced from 
220 RPM to 159 RPM without misfiring or stallingo 
A considerable amount of work was done immediately 
after World War II by King (4) and associates at the Univer-
sity of Toronto on the combustion characteristics of hydro-
gen as applied to internal combustion engines. In these 
5 
tests a Co-operative Fuel Research (CFR) engine was used to 
observe the combustion ch~racteristics over a range of com-
pression ratios from as low as J.8 to 1 up to 10 to 1, and 
from very lean fuel-air r~tios to very rich ones. 
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Recently, the National Aeronautics and Space Adminis-
tration (NASA) sponsored two large research contracts aimed 
at development of an internal combustion engine using hydro-
gen and oxygen to produce electric power for spacecrafts. 
One contract was with the Vickers Division, Sperry Rand 
Corporation, who developed a one-cylinder, liquid-cooled, 
side-head injector engine that produced over qi hp at a 
minimum brake specific fuel consumption (BSFC) of 
1.6 lb/hp-hr (5). This engine achieved a total of 619 hours 
of endurance testing with the longest continuous endurance 
run of 120 hours and with 5 runs of 65 hours each. In addi-
tion, 108 hours of performance testing were logged. 
A second contract with the Marquardt Corporation, 
called for the conversion of an existing multi-fuel hyper-
golic engine to burn hydrogen and oxygen for possible use in 
the Lunar Excursion Module (LEM) (6)" This engine was the 
same general type as the Vickers engine with the exception 
that it employed an overhead camshaft operated double-
poppet valve injector system. Before completion of this 
phase of the project, the engine underwent a total of 3.2 
hours of "hot" running with some runs of up to qJ minutes 
duration. 
No other significant developments in reciprocating 
7 
hydrogen engine research are known to the author. 
Properties of Hydrogen 
With only few exceptions, hydrogen.' s characteristics 
as a motor fuel are quite comparable with common fuels such 
as gasoline (7). For instance, the minimum ignition temper-
ature in air is 1065° Fas compared to 1000° F for commer-
cial butane; and the theoretical flame temperature in air is 
3887° Fas compared to 3615° F for butane. Distinctive 
characteristics of hydrogen are: itshigher heating value of 
53,500 BTU/lb as compared with approximately 20,000 BTU/lb 
for gasoline; its wide flammability limits in air of 4.00% 
to 74.2% by volume as compared with 1.9% to 8.6% for butane; 
its very fast maximum flame speed of 9.3 ft/sec in air as 
compared to 1.03 ft/sec for normal butane; and the fact that 
the hydrogen and oxygen occupy more volume before reaction 
than after. 
Further Discussion of Chapter II 
The high heating value of hydrogen indicates that it 
would be a desirable motor fuel; however, prior engine re-
search has not been able to overcome the two principal prob-
lems: its high combustion temperature when reacted with 
pure oxygen, and its pronounced tendency to cause engine 
knock. 
CHAPTER III 
PROPOSED ENGINE SYSTEM 
National Aeronautics and Space Administration research 
difficulties and engine component failures were primarily 
caused by the requirement to use pure oxygen as the oxidiz-
er, which caused flame temperatures to increase to such a 
high value (from 3887° F to 5385° F) that even sophisticated 
engine components failed under prolonged exposure. 
Research by Errin and King (2) (4) was plagued by a 
common difficulty: combustion problems such as detonation 
and preignition. This difficulty was brought about by the 
common attempt to carburet the hydrogen, or in other words 
to mix the hydrogen with the air before induction or com-
pression. This attempt always resulted in either detonation 
or preignition. Even the CFR engine used in the Toronto 
research had to be stopped, dismantled 1 and thoroughly 
cleaned every 12 hours or engine knock would develop and 
interrupt the test. 
Recognizing prior efforts, the project goal was set to 
perfect the hydrogen burning engine to a degree sufficient 
to supplement under certain conditions the fossil fueled 
engine. 
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Initial Design Concepts 
For economy and reduced flame temperature 9 it was 
reasoned that the prototype engine should use air as the 
oxidizer. For simple and accurate speed control 9 it was 
decided that a throttle valve would be incorporated in the 
air intake system. Finally, it was decided to develop a 
hydrogen fuel injection system which will place the proper 
amount of hydrogen in the combustion chamber at or near the 
optimum time for combustion so as to promote smooth 9 
detonation-free burning. 
Procedure Used 
Since the quantity of fuel to be injected and its 
appropriate ignition time are functions of engine speed, 
dilution of intake air by exhaust products, engine tempera-
ture, mass rate of flow of air, and manifold pressure 1 a 
two-step design procedure was selected to first demonstrate 
that reasonable compensation for these variables was possi-
ble, and second to build a second generation engine to more 
nearly optimize the interrelation of these variables. 
The first phase was the construction of an engine 
incorporating a mechanical injection system which would 
serve as a research platform. This engine could possibly 
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later be developed into the prototype of a practical mechan-
ical injection hydrogen engine. 
The second phase was to use performance data from the 
experimental mechanical injector engine to develop an 
10 
adjunct electrical injection system. This electrical injec-
tion system was to utilize manifold pressure and speed 
sensing devices to sense engine operationg conditions. 
These instruments would then relay a signal to a specially 
designed electronic control circuit which would determine 
when and how much fuel to inject for proper combustion at 
the demand power level. The injector control wouldi in 
turn, control a solenoid operated injection system con-
taining double poppet valves with overlapped series opera-
tion for high frequency flow control for direct fuel 
injection into the combustion chamber. Volkswagon 9 at 
present, uses an electronic circuit solenoid valve system 
similar to that proposed herein. It controls the quantity 
of fuel delivered to the intake manifold as a function of 
engine speed, temperature, and manifold pressure; however, 
no attempt is made to inject directly into the combustion 
chamber or to accurately time when the fuel should be 
delivered to each cylinder (8). The fuel-air mixture is 
still inducted, compressed, and ignited in a conventional 
manner which would not be acceptable for a hydrogen system. 
The success of the electrical injection engine design 
concept depended upon the development of acceptable mathe-
matical relationships to predict engine fuel needs as a 
function of engine operating parameters~ on the design of 
the control circuit to respond to these equations, and upon 
designing a solenoid operated injector that was capable of 
responding to the extremely short (approximately 15 
11 
milliseconds) time of each cycle. Preliminary design 
details for both the mechanical injection engine and the 
electrical injection engine will be presented in subsequent 
chapters. 
The engine to be developed in phase one was to be 
equipped with adjustable injector linkages. Fuel flow meas-
urements 1 engine operating temperatures 9 manifold pressure 9 
and RPM would be taken for fixed operating conditions under 
various dynamometer loadings. This data would then be 
analyzed for the required mathematical equations to make the 
electrical conversion. The electronic control circuit would 
then be designed. 
CHAPTER IV 
ENGINE TEST APPARATUS PRELIMINARY DESIGN 
Because of limited funds 9 the engine test apparatus was 
constructed, making maximum use of materials available in 
the Mechanical Engineering Laboratory and 9 in some in-
stances9 equipment loans from other departments. 
Figure 1 shows a front view of the completed facility. 
Dynamometer 
A water brake dynamometer was mounted on a laboratory 
bench which became a platform for the entire test apparatus 
with its instrumentation. The compact arrangement also pro-
vided for easy transportation from area-to-area as needed. 
Instrumentation 
A steel reinforced three-fourth inch thick plywood 
panel attached to the front of the bench was used as both an 
explosion shield and an instrument panel. Two thicknesses 
of automotive safety sheet glass placed in a steel frame in 
the central section of the instrument panel provided for 
both safety and visual observation while the engine was 
operating. 
The area of the instrument panel not taken up by the 
12 




window was divided roughly into two sub areas 9 one used for 
mounting engine operational control devices and the other 
for indicating and recording instrumentation. The opera-
tional control section contained among other things 9 a fuel 
delivery and control network designed for use with both the 
mechanical and electrical injection engines. The .instru-
mentation section contains a multiple-point chart recorder 
for recording crankcase and cylinder head temperatures. 
Exhaust gas temperature is displayed on a separate meter 
above the observation window. 
Flow of iso-octane fuel, used to determine a reference 
performance for the engine was observed by means of a float-
ing ball rotameter. Engine intake air flow was determined 
by an ASME long radius nozzle, while hydrogen flow was de-
termined by measuring pressure and temperature changes on a 
test tank of known volume over a known time. 
Hydrogen Supply System 
Gaseous hydrogen in high pressure bottles was used.for 
the fuel source. These were attached to a common manifold 
and delivered hydrogen to a series of valves, pressure 
gauges, and a pressure regulator. A nitrogen purge system 
was included so that air could be purged from the system. 
CHAPTER V 
MECHANICAL INJECTOR DESIGN 9 DEVELOPMENT, 
AND OPERATION 
The design scheme was to convert a standard production 
model engine to burn hydrogen as a fuel. This chapter is a 
discussion of the design 9 development 9 and operation of the 
prototype mechanical injection engine which resulted from an 
analysis of preliminary test results (see Appendix A) taken 
from the Briggs and Stratton 4 hp engine selected for 
conversion. 
Injector 
In order to prevent preignition 9 a direct combustion 
chamber injector was used. Since combustion starts very 
soon after injection and continues throughout injection 9 and 
since efficiency is dependent upon short combustion time 9 it 
is necessary to reduce injection time to as short an inter-
val as practical. Assuming 50 degrees to be a reasonable 
injector gate angle(~) for an engine at a speed of 
N = 4000 RPM 9 there is only 
_ c--3:_) c6o) _ c...22...) c~) _ T - 360./ N - 360 4000 - 2 • 1 msec 
per injector cycle. This short time would lead to high 
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injector component stress, and difficulties in injector 
response to the drive mechanism if a single poppet were 
used. 
t6 
Incorporating a dual poppet design similar to the valve 
used in the Marquardt engine (two concentric poppet valves 
using overlapped series operation to control flow) allows 
the inner valve to be opened as early as the beginning of 
the intake stroke, and the outer valve to be opened a few 
degrees before the beginning of the power strokei the inner 
valve to be closed a few degrees after the beginning of the 
power stroke and the outer valve to be closed as late as the 
end of the exhaust stroke. This arrangement allows about 
T - (3~0) (~) = (~~~) (4~~0) - 15 msec 
per injector cycle which greatly decreases the required 
response of the injector mechanism. For this reason 9 it is 
clear that a dual poppet injector valve was a reasonable 
choice. 
Injector Drive Mechanism 
For simplicity in prototype engine design 9 the cam 9 cam 
follower, push rod, and rocker arm system shown in Figure 2 
were chosen for initial testing. The camshaft had two lobes 
to operate the injector valve and was designed for variable 
injection duration and timing. A slotted collar arrangement 




Figure 2. Injector Mechanism 
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timing in this case. This lobe when used a~ a replacement 
for the rear lobe of a standard B&S valve camshaft gear pro-
vided for variation in outer valve timing by stepping the 
camshaft gear on the crankshaft pinion, while inner valve 
timing and duration was achieved by stepping the rear lobe 
into various slots of the slotted collar. 
Provision was made for installation of this second 
camshaft and its cam followers by weld insertion of an 
envelope into the side of the engine crankcase as shown in 
Figure J. Pushrods transmitted the motion through rocker 
arms to the injector valve located in a housing fastened to 
the cylinder head. Figure 4 shows the completed engine 
assembly as it appeared during actual testing. 
Timing 
Crankshaft rotational degrees marked on a vibration 
dampening flywheel when used in conjunction with a pointer 
strobe-light arrangement provided visual reference to the 
engine's timing switch orientation. By relating this timing 
to a voltage step on an oscilloscope trace, the injector 
timing could be determined. This voltage step could be con-
trolled by two switches in contact with the rocker arms, 
such that the voltage increased with the start of injection 
and fell with the end of injection. 
Operation 
On October 7, 1969, the Oklahoma State University 




Figure 4. Hydrogen Engine Assembly 
camshaft operated hydrogen fueled engine ran under its own 
power for the first time, Glow plug ignition was used and 
injection took place through a 0.060 inch orifice between 
28° BTDC and 27° ATDC. Total running time for the first 
test period was 5.6 minutes. 
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Early in the hydrog~n test phase, the decision was made 
to concentrate all experimental efforts on gaining opera-
tional experience and on a continuous modification process 
aimed at producing better performance. A second decision 
was that extensive engine performance testing could be post-
poned until such time as a near optimum engine had been 
developed. 
The first modifications, relocation of the glow plug 
and an increase in the orifice diameter, yielded poorer en-
gine performance. Subsequently, it was determined that an 
0.018 inch diameter orifice used with an injector timing 
angle of 12° BTDC to 38° ATDC gave excellent combustion 
characteristics up to about 40% power. 
Poor early engine performance while using glow plug 
ignition was apparently caused by low energy glow plugs and 
prompted adaptation of a conventional spark plug ignition 
system which proved an immediate success. 
A redesign of the orifice plate and the installation of 
an internal combustion chamber duct ~or controlling the 
angle and area of hydrogen entry greatly reduced misfires 
and delayed combustion. This modification yielded knock-
free combust~on at significant power levels. 
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Test runs were then conducted over a range from 
1200 RPM to 5000 RPM with prolonged power outputs of about 
1 hp and momentary power demands of up to 2.25 hp. Results 
from two of these early hydrogen engine performance tests 
are presented in Table I, 
A total running time qf over 4~ hours with progressive 
improvement in combustion characteristics and general per-
formance has been accum~lated with this engine. 
Summary of Chapter V 
The above has described the development of a prototype 
model for procurement of experimental data needed in the 
design of the electrical injection engine. One additional 
outcome of this preliminary hydrogen experimentation was the 
experience gained in engine performance characteristics 
which set the direction for future design. 
TABLE I 





Fuel Ai:r Ratio - lb. H2/lb. air 
Over-all Brake Efficiency-% 
Specific Fuel Consumption-lb./hp-hr 
Volumetric Efficiency-% 
Brake Mean Effective Pressure-psi 
Intake Air Temperature - °F 
Exhaust Gas Temperature - °F 
Cylinder Head Temperature - °F 
Crankcase Temperature - °F 
Manifold Pr~ssure - in. Hg. 

































ELECTRICAL INJECTOR DESIGN 
ANALYSIS 
Once sufficient data was acquired using the mechanical 
injector engine t9 predict engine operating characteristics, 
it was possible to design an electronic controlled solenoid 
operated injector mechanism to replace the camshaft drive 
system. This substitution. provided more flexibility in 
adjusting injector response to engine fuel needs. To mini-
mize the degree of redesign necessary in the prototype 
development, it was decided to retain the injector valve, 
rocker arm, and housing assembly of the mechanical injector 
engine. 
Analysis of !so-Octane Tests 
Fundamentally, the fuel delivered to an engine acts 
basically as~ heating agent for the air in the cylinder. 
Assuming proper combustion takes place, the engine will 
react in much the same manner regardless of the physical 
nature of the initial fuel. For this reason, the extensive 
data taken. during.iso-octane testing (see Appendix: A for 
further details) can be used to predict the energy and fuel 
flow trends of the hydrogen engine. 
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Analysis of the iso-octane tests yields two important 
results: first, the behavior of maximum power fuel flow in 
relation to manifold vacuum and second, fuel flow as a func-
tion of engine RPM. Fuel flow versus manifold vacuum (see 
Fi~ure 5) approaches a linearly decrea~ing function while 
fuel flow versus RPM (see Figure 6) was an increasing 
function. 
Exhaust gas temperature at maximum power was found to 
increase nearly linearly with RPM, as shown in Figure 7, 
while cylinder head temperature remained nearly constant. 
If future research indicates the need, a maximum fuel injec-
tion li~iting circuit could be built into the control unit 
to prevent excessive engine temperature. 
Crankcase tempera:ture remained relatively constant 
after warm-up for all normal operating conditions and could, 
therefore, be neglected as a parameter of mixture control. 
Finally, it was reasoned from the iso-octane data, 
coupled with an appreciation for the rapid flame speed of 
hydrogen, that a linear increase in ignition angle with RPM 
would probably yield a satisfactory electric injector engine 
prototype. 
Basic Circuit Functions 
It became apparent from th.e preceding that two main 
electrical circuits would be needed to provide adequate mix-
ture control over the entire range of normal engine 
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function of RPM and a fqel flow duration circuit to deliver 
the proper quantity of fuel as a function of manifold vacuum 
and RPM. Figure 8 is a block dia$ram showing the basic lay-
out of such a circuit. The two important input parameters, 
engine speed and loading, are relayed to the injector con-
trol circuit, which, in turn, delivers a power pulse of 
proper duration to the solenoid injector. Hereafter, the 
speed sensing device will be referred to as tJ:;l.e :i,;lPM 
,;,· 
transducer. 
Analysis of Injection Commencement 
~equirements 
Engine Mechanical Behavior 
The starting point of combustion in most engines is 
related to engine speed sl,lch that ignition timing is ad-
vanced in the engine cycle with an increase in RPM. This 
relationship is also desirable in the hydrogen engine since 
there will be a time delay involved in the transportation of 
the fuel from the injector to the combustion chamber and, as 
with other fuels 1 there is a finite time delay associated 
with the initiation of combustion. 
A linear advance of the ignition angle with relation to 
engine speed has proved satisfactory for a large number of 
engine designs as related by Crouse (9). Taking into ac-
acount the rapid flame speed of hydrogen, the linear advance 
curve of Figure 9 has been chosen as a suitable relation-
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81 = 10 - 500 degrees 
where N is engine RPM. 
The delay angle, 82, associated with a solenoid valve 
is 
82 = 6Nt8 degrees 
where t 8 represents the delay time between the initiation of 
the electric power signal and the activation of the injec-
tion valve plunger. 
Assume for the moment that the electronic control cycle 
will be started by closing a camshaft driven switch at a 
predetermined angle, 8T, and choose for the moment, an arbi-
trary minimum circuit delay time of one millisecond. At the 
maximwn design speed of 5000 RPM, this delay time is equiva-
lent to a delay angle, 9s, of 
93 :::: 6Nt = (6) (5000) (1 X 10- 3 ) ·- JO degrees. 
The timing switch p:reset angle, 8T, can be set by 
summing the maximum condition of 91, and 92 at their maximum 
value, and by allowing the time delay angle of the circuit 
to be zero. Thus, 
- 10 + 6N ts + JO max 
= 6N t 9 + 40 degrees. max 
JJ 
' 
With the camshaft switch set at 8r 9 the total angle under 
any operating condition can be represented by 
ST = 68 + 82 + [ 10 - 91 J degrees 
where 68 represents the required delay angle for the elec-
tronic circuit. Rearranging and solving for 68 yields, 
The corresponding delay time 9 td 9 associated with the 
mechanical acti9n of the engine is 
[ 20] 1 = Nmax ts + 3 . N - + 30100] msec. ( 1 ) 
Taking a delay time, t 9 of 5.1 milliseconds, which will be 
justified later 9 and the maximum design speed of 5000 RPM, 
this Equation (1) becomes 
( 2) 
Equation (2) represent~ the total physical time delay 
required between the closing of the camshaft switch and the 
supply of the electric power signal to the electric solenoid 
valve which starts injection. 
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Resistance-Capacitan~e Circuit.Analysi~ 
The graph of Equation (2) (see Figure 10) appears simi-
lar in shape to the general type of voltage curve on.e would 
expect from a resistance-capacitance (R-C) circuit. IJ,1. such 
a circuit, as shown in Figure 11, the charge on the capaci-
tor, q, is related to the capacitor voltage by 
where C is the capacitance. Current is the rate of change 
of charge, or 
l
. 5i.9. 
= dt 0 
Therefore, the voltage drop across the resistor is 
iR R 5ig_ ·- dt 
where R is the resistance. 
or 
and 
Writing Kirchoff's Law around the circuit 




RC - R 
which is a first order differential equation that can be 
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' [ t J qo :: A exp _- RC j 
and the particular solutton 
q,:, = EC, 
and the complete solution 
q = q 0 + qp = A exp [- R~J + EC (J) 
where A is a constant. Applying the boundary condition that 
at _the instant the switch makes contact ( t = 0) with terminal 
1 ( see Figure 11), the capacitor charge is zero ( q = 0), 
Equation (J) becomes 
q :: EC [ 1 - exp (- R~)]. 
The voltage across the capacitor is then 
Rearranging and solving for time yields 
t = RC 011. [ 
1 
(4) 
which when plotted has a curvature of the same general shape 
as that of Equation (2). 
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Injection Commencement Tim:i,na Selection 
With the aid of the computer program presented in 
Append;i.x B, which solves Equation (4) forvariousvalues of 
the voltage ratio, Ei, and various values of the multiplier, 
RC, a curve can be chosen such that its locus yields a solu-
tion of Equation (4) which closely approximates the engine 
requirements of Equation (2). The particular fit chosen in 
this case is shown in Figure 12 and has the parameters 
RC= 0.0075 
for 
0.070 < Ei ~ 0.970. 
The dashed curve on Figure 12 is a plot of Equation (2). 
The maximum time error between the curves of Equations 
(2) and (4) (within the recommended operating range of this 
engine) is 1.5 milliseconds at 1500 RPM, which represents a 
timing angle error of 13 degrees before expected injection 
which is acceptable in normal engine design practice. 
Injection Termination Analysis 
Flow through the· injection orifice is described by 
m = pAV 
where mis the mass rate of flow, pis the fluid density, A 
--·· 
is the orifice cross sectional area, and Vis the velocity 
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orifice, the velocity will be constant regardless of fluid 
downstream pressure. Then, for any given orifice area and a 
constant upstream pressure, which is a design consideration 
in this case, the mass rate of flow ~1 will be a constant. 
Under this condition, the mass of fuel delivered to the 
cylinder of the engine is dependent only upon the time of 
flow as shown by 
. 
M = mt. 
Therefore, the quantity of fuel delivered depends only upon 
injector valve open time. 
Recalling from Figures 5 and 6, that fuel flow de-
creases with a decrease in RPM and power level (manifold 
vacuum), it can be seen that the choice of an injection 
termination curve, similar in shape to the electric circuit 
curve of Figure 12 but having a greater slope, can simulate 
engine injection time requirements. 
By choosing a maximum injection angle after top dead 
cente;r c;:,f 80° at 5000 RPM-maximum.power and .adding the 10° 
timing advance required at this RPM, the total injection.· 
·angle equals 90° and the equivalent injection time becomes 
90 J X 10- 3 sec. ( 6) ( 5000) = 
Adding this to the injection commencement time curve at 
5000 RPM, the maximum injection termination circuit delay 
time is J.50 milliseconds. It is now possible to choose the 
maximum power injection termination curve extending between 
the i.ntersection o1~ the injection commencement curve at 
1000 RPM and the above injection termination point. This 
curve is represented by Equation (4) with 
RC= 0.00750 
for 
6 ~ < 0 . 3 5 < E _ 0 • 9 70 • 
Figure 13 is a plot of injection commencement and 
termination time. By taking the difference between these 
two curves at various RPMs, a relative fuel flow (time) 
plot, such as Figure 14, can be constructed, which closely 
resembles the shape of the fuel requirements cal.led for in 
Figure 7. 
The dashed curve of Figure 1.3 represents injection 
t-ermination at a reduced power level. The development of 
this curve will be explained in the power transducer section 
of Chapter VIL 
Solenoid Switching 
Silicon Controlled Rectifier Switching 
The above analysis illustrates how the voltage rise 
across the capacitor of an R-C circuit can be used to simu-
late engine timing and fuel requirements. In order to com-
plete the control circuit design, this voltage must be used 
" 
to control the power to electric solenoids on the injector 




















~o 10 20 50 















--.... ~--------------------------...-. 0 C""I spuooas r1r,:w O C\l 



























that is sensitive to this voltage. 
Basically, the silicon controlled rectifier (SCR) is a 
triode PNPN·-type switch of the reverse blocking PNPN-type 
switch class (1.0). When sufficient current is applied to 
the gate terminal, the SCR switches to the "on" condition 
allowing the current in the power circuit to flow from the 
anode to the cathode. The SCR will remain in the ''on" con-
di.ti.on until such time as the power current drops to near 
zero even if the gate signal is removed. 
In DC circuitry, the SCR turn-off situation is compli-
cated by the fact that the DC voltage does not drop to zero 
or less as does AC voltage. Some auxiliary means must be 
used, therefore, to reset the SCR for its next switching 
cycle. 
One such means is the flip-flop circuit which employs 
two SCRs, a resistor, the load device (in this case 1 a 
solenoid), and a capacitor as shown in Figure 15 (11). 
When a trigger signal is applied to the gate of SCR 1, it 
turns on, activating the solenoid and since the resistance 
of the resistor R is chosen higher than the resistance of 
the solenoid, the capacitor is charged to near line voltage 
through R. When a trigger signal is applied to the gate of 
SCR 2, it turns on, causing the capacitor to discharge, 
which, in turn, momentarily grounds the anode of SCR 1 
causing it to turn off. The circuit is now reset and ready 
for its next switching cycle. One must be sure the gate 










Figure 15. Flip-Flop Circuit 
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both will turn on and the circuit will become inoperative. 
Unijunction Transistor Control 
The basic difficulty with the SCR switching device is 
that it is turned on by gate c~rrent and not n€cessarily a 
definite gate voltage each cycle ( 11). To overcome this diffi-
culty, a special type of unijunction transistor circuit may 
be employed as a triggering device for the SCR (12). As 
shown in Figure 16, this circuit consists of three 
resistors: R, R1, Ra, a capacitor, and a unijunction tran-
sistor ( UJT). 
Operation of the UJT circuit requires that a voltage 
Vee be supplied across the two bases of the transistor as 
well as R1 and Ra. When a trigger signal voltage is applied 
to Rand C, a voltage will build across C until it reaches 
the breakover voltage of the UJT at which time the emitter 
base 1 junction will go into the negative resistance region, 
discharging C through the UJT and the base resistor R1. The 
discharge of C provides a pulse of sufficient current level 
to turn on the SCR. The breakover voltage is a function of 
Vee and is a predictable and repeatable value. 
It should be noted at this time that the R-C leg of the 
UJT circuit is equivalent to the R-C time delay circuit dis-
cussed previously for both the timing and fuel flow cir.cui ts. 
Combined Control Circuit 
By combining the injector timing circuit with the 








Note: e = emitter 
Bi = base one 
Ba = base two 
Figure 16. Unijunc,tion Transistor Timing Circuit 
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flip-flop switching circuit and by adding a camshaft reset 
switch., Sa, as shown in Figure 17, the control circuit pack-
age study is completed. A complete cycle description 
follows. 
At the start of the injection cycle, the camshaft oper-
ated timing switch, S1 , makes contact, thereby placing the 
RPM transducer voltage on both the upper and lower UJT time 
delay circuits. 
A time delay described by Equation (4) will occur be~ 
fore the voltage across the upper capacitor, Cu, builds up 
to the breakover voltage. Once this time has elapsed, UJT1 
will conduct, in turn, firing SCR1 , which will activate 
solenoid 1, L1. Assuming solenoid 2, La, has previously 
been activated, fuel flow will now start. The RPM trans-
ducer voltage also acts on the lower UJT delay circuit 
through the power transducer which is~ voltage divider. , 
After the RL-CL circuit time delay has elapsed, the second 
transistor, UJT2 will conduct, in turn, firing SCR2 which 
momentarily grounds the anode of SCI4 turning it off. This 
deactivates solenoid 2 and stops fuel flow. 
The camshaft timing switch, S1, is now opened and after 
a short delay, the camshaft reset switch, S2 , is closed. 
Capacitor C3 discharges through resistors I4 and Rs re-
setting the upper and lower flip-flop circuits, thereby 
turning solenoid 1 off and solenoid 2 on. Capacitor C3 also 
discharges through resistors Rs and R7 turning on SCRs and 
SCRs which allows capacitors Cu- and CL to discharge to 
RPM 

















ground. Once Cu and CL have discharged, SCRs and SCRs auto-
matically reset themselves to the "off" condition. Diodes 
Du and DL prevent any voltage build up on Cu and CL due to 
leakage through the emitters from the bases. The camshaft 
reset switch now opens, recharging C3 through R3 • 
The two battery circuits associated with the UJT cir-
cuits are adju~table sources of DC voltages V881 and V882 
supplied to the bases of the transistor circuit. 
Summary of Design Analysis 
From the above analysis, it is evident that the proper 
employment of the two R-C time delay circuits with two flip-
flop switching circuits provides a response which closely 
resembles the timing and fuel flow needs of the design 
engine. 
It should be remembered that the foregoing design is 
dependent upon the assumption (which was also justified) 
that the general fuel trends for this engine operating on 
hydrogen will be similar to its operation on iso-octane. 
Also, it should be emphasized that for these design condi-
tions, fuel flow will automatically be cut off below 
1000 RPM. 
CHAP'IER VI I 
DESIGN AND FABRICATION OF THE 
CONTROL CIRCUIT 
Separate design teams have been assigned the job of 
developing the three accessory items associated with this 
control circuit: the RPM transducer, the power transducer, 
and an improved solenoid injector valve. 
The author has undertaken the task of showing that the 
circuit described in Chapter VI can be developed into a 
reality and does, in fact, perform in a manner that yields 
satisfactory engine performance when combined with the 
engine transducers and injector valve •. 
Solenoid 
In order that a representative solenoid pick-up time, 
td, be used in Equation (2) and to observe actual-dynamic 
injector valve operation, it was necessary to test a prelim-
inary solenoid before starting circuit design. It should be 
I 
emphasized at this point that if a different solenoid injec-
tor valve should be selected, its pick up time v~ry likely 
will be different, and, therefore, will require a separate 
solution of E4uation (2). The basic design procedure to be 




of solenoid pick-up time. 
It should also be noted that a different solenoid 
should be used in future research for the following reasons: 
first, an improved design could el:;i.minate the heavy, rocker 
arm, and plunger masses asso~iated with the present conver-
sion of the mechanical injector mechanism, thereby eliminat-
ing harmonic resonance an~ friction. Second, shorter 
pick-up times will a1low a vorrespQnding decrease in the 
camshaft switch preset aRgle, Sr. 
In order to make most efficient use pf available time 
and for reasons of econqmy, a commeryially available 24 volt 
DC intermittent duty 10 pound pull, 15 ohm 1 solenoid was 
selected a It was found that the pick-up time of this sole-
noid was approximately 1J milliseconds which was too slow to 
allow activation, deactivatiqn 7 and a reasona~le dwell 
period under high RPM condit:;i.ons. 
To stimulate the pickTUP time, an overvoltage system 
was incorporated such that 44 volts DC was supplied to a 
15 ohm resistor placed in se;ries with the sQlenoid. By 
applying this increased voltage at the time the switch was 
closed, the instantaneous r~te of change of current, di/dt, 
was quite high, which, in tu;rn, produced an increase in 
solenoid force. As more curr~nt began to flow in the cir-
cuit, an increasing IR voltage drop occurred across the 
resistor until at steady state, 22 volts were applied to 
both the solenoid and the resistor. This procedure reduced 
the solenoid pick-up time to a satisfaGtory 5.1 milliseconds 
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and yet kept the cur~ent flow to a low enough level that 
solenoid overloading was prevented. 
SCR Switc~ing Circuit 
The two flip-flop circuits of Fig~re 17 are identical 
and were assembled on an aluminum chassis so that beat 
generated within the SCRs could be dissipated. SCRs of the 
3 amp 2NJ228 type were chosen in all four caseso The re-
sistance R.1 and capacitance C1 we:r;e chosen at 1000 ohms and 
1.0 microfarad, respectively. This allowed a current flow 
through the resistor of only 
E 44 
I= R = 10QO = 44 milliamps, 
a sufficiently small recharge time constant of 
R1C1 = (10Q0)(1.0X10- 6 ) = 1 millisecond, 
and yet enough charge in tpe capacitor to reliably turn off 
the power SCR. 
R~set Circuit 
The reset circuit must contain enough energy to reset 
SCR3 , SCR4 1 SCRs, and SCRs, of Figure 17, and yet have a 
sufficiently short t~me constant to allow the capacitor to 
charge at high RPM. J~ was determined that a capacitance, 
C3 , of 2.0 microfarad and a resistance, R3 , of 1000 ohms 
gave adequate energy with a sufficiently short 2 millisecond 
time constant. Resistances I4, RP, Re, and R7 were all set 
at 27 ohms which was high enou~h to prevent the entire 
reset current from going into any one conducting SCR gate 
leaving the others witpout reset energy, and yet large 
enough to prevent an e~cessively high gate current. 
Type 2NJ228 SCRs and type 1N2071 diodes w~re chosen for the 
reset circuit primarily because of th~ir availability. 
Unijunction Tra~sistor Time Delay Circuit 
Base Circuit 
The base circuits of both the upper and lower UJT cir-
cuits of Figure 17 are i,denrtiPEl,l. The base two resistance 
was selected at 100 ohms which is cpns,istent with normq.l 
design practice as related in the Silicon Controlled 
Rectifier Manual (11). In a similar manner, the base one 
resistance was set at 27 ohms. 
Unijunction transisto~s of the 2N2646 type were se-
lected in both circuits primarily for tpeir low price. 
General characteristics of this device are g~ven in the 
General Electric Transistor Manual (13). 
Emitter Capacitor 
Two factors controlled the selection of the two emitter 
capacitors Cu and CL. The first was the requirement that 
the capacitor have a sufficiently high capacitance to main-
tain the voltage at the UJT base one after triggering, so 
that an adequate current pulse was available to the gate of 
its associated SCR. 
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The second requirement was that the RuCu and RLCL time 
constants must match thei~ respective characteristic curves 
as previously descrjbed i~ Figure 1J. 
For both the upper and lower circuits, a capacitance of 
0.2 microfarad and a resistance of J7.5K ohm satisfied the 
energy needs of the SOR anq produced a multiplying factor 
for Equation (4) of 
RC= 0.0075. 
Theoretical RPM Transducer InJ?ut Requirements 
I I I 
As previously stated, when the voltage across the emit-
ter capacitor of a UJT q~rcuit reaches the breakover value, 
the UJT conducts and th~ associated SCR is triggered. This 
breakover voltage.then becomes the capacitor voltage E0 in 
Equation (4). Furthermore, the voltage applied to the 
resistor of the R-C emitter circuit combin&tion becomes the 
voltage E in Equation (4). 
The ratio E0 /E is the curve shaping term that matches 
the electric circuit time of Equc;1tion (4) to the engine 
mechanical time of Equation (2). The dependent variable, E, 
in this ratio, therefore, becomes the factor that forces the 
time delay and switcµing circuits to resBond to engine 
needs" E0 can be adjusted over a reasonable range by 
changing the base voltage Vee (Figure 17). However, once E0 
has been selected by the calibrati?n of V98 , it is a set 
value. The allowable range of E0 /E for both the timing and 
fuel flow delay circuits were gtven in Cqapter VI. 
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Accordingly, the theoretical RPM transducer voltage outputs 
is defined for any selected Ee. 
For the timing cir~~it, the value pf V88 was selected 
at 5.97 volts which foT the particular UJT yielded a break-
over voltage of Ee of 4.87 volts. Relating this value of Ee 
to the output o:f the computer pr9gram in Appendix B, Table 
II was tabulated whicb, i~ tµrn, allowed the theoretical 
timing circuit-RPM tran~dµcer ~µrve o~ figure 18 to be 
drawn. In this£igure, Et is the timing circuit voltage, 
while E~ is the fuel flow circuit voltage. Similarly, for 
the fuel flow circuit, wit~ V88 eq~al to 6~16 volts, Ee 
takes on the value of 4.87 vplts. Re\ating t~is value to 
the output of the prog,:-am of Appendix; B, allowed Table III 
to be tabulated and tq~ theoretical power circuit-RPM trans-
ducer curve of Figure 18 to be drawn. 
Power Transducer 
The criteria for determtning the required power trans-
ducer function :follows from an exaµiination of Figures 6 and 
13. Equation (4) is' the function generating the upper 
curve of Figure 13. This curve represents fuel flow termi-
nation time for a maximum power condition. For any lower 
power level, it becomes necessary to terminate fuel flow at 
an appropriately earlier t~me~ 
An examination of the various power curves of Figure 6 
shows that at a constant RPM within the novmal operating 
range of the engine, a muitiplying factor of approximately 
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TABLE Il 
TIMING CIRCUIT THEORETICAL INPUT VOLTAGE 
RPM ~ Et 
5000 0.0650 74.92 
4500 0,,1750 27.83 
4000 0.2900 16.79 
3500 o.4000 12.18 
3000 .0.5:t.50 9.46 
2500 0.6300 7.73 
2000 0.7450 6.54 
1500 0.8550 5.70 
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Figure 18. RPM Transducer Voltages 
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1.25 on the fuel flow time (~nd corre~pondingly on injector 
open time) yields t4e ne~t higher horsepower curve. 
On a percentage basis, using JqOO RPM as a basis, the 
decrease in fuel flow between tpree horsepower and two 
horsepower is 
( 1. .35 - 1. 00) --100 ! i ~ '35 
In a similar manner betw~en two hprsepower and one horse-
power, the decrease is 
100 ( 1.00 ~ 0.75) ~ 25 0~ ' •. 1. 00 . • 70 " 
Or, in other words, approxim~t~ly a 25.4% decrease in fuel 
flow or flow time is reqqired for e~ch u~it reduction in 
horsepowero 
Figure 5 shows a generally linear decreasing slope of 
1.2 inches of mercury per h9rsepower, therefore, by com-
bining the information from ppth curves, one can determine 
the fuel flow time perc~n~age as a functiqn of manifold 
vacuum to be 
or a 21.5% decrease in fµel f~ow time for e~ch inch of mer-
cury increase in manifold vacuum. 
By using the voltage divider technique between the 
voltage output of the timing circuit funct~on generator, Et, 
and the voltage output of tµe maximum power functiop 
,i;;~ 
generator, EP, any proportion of these two voltages can be 
delivered to the'power time delay circuit (see Figure 19). 
Appropriately, under full power conditions, this circuit 
would receive a voltage, Ep, and at no-load conditions it 
would receive a voltage very close to Et. 
Preliminary design analysis of the power transducer 
indicates that it could be a manifold vacuum sensitive 
mechanism such as a spring loaded diaphragm which drives 
the above voltage divider ( a 500fl potentiometer) through a 
suitable linkage such that, for each inch of mercury in-
crease in manifold vacuum, the time delay of the fuel flow 
circuit will be 21.5% shorter. 
As mentioned earlier, the dashed curve of Figure 13 
represents a plot of fuel flow delay time for a reduced 
power condition. Actually this is a plot of 2~4 inch in-
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crease in manifold vacuum or a 50% reduction in power level. 
Design Summary 
In this chapter, the design of the injector control 
subcircuits has been described and a statement given to sup-
port the selection of each component. In Chapter IX, the 
test results of this control will be detailed and actual 
transducer input functions which force the circuit to 
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DESK TOP ENGIN~ $IMULATO~ 
;Moto;r 
In order to simplify te~ting and pro~ote more efficient 
use of available time for pre~ent and futyre control circuit 
experimentation, a desk-top ~ngine qimulato~ was ~esigned 
and built (see Figure 20). The princ~Bal comp9nent of this 
simulator is a 12 volt DC variable sp~ed electric motor 
which simulates the hydrogen engine. A ~he9~tat is used to 
control motor speed. 
Mounted on the front qutput shaft of tpe motor is an 
engine cycle timing switch, a vulley, and a tachometer drive 
coupling" The rear output ~haft driv~s a two to one reduc-
tion gear train that, in turn, actuates three switches. 
Speed Pret~ans~ucer 
The front shaft :rulley :j.s used :to b~lt d,rive a DC gen-
erator at an RPM whic];l. is a direct function of motor 
(engine) speed. The voltage output ~f this generator is 
linear and is intended as a preliminary s~~nal for the RPM 
transducer. 
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Figure 20. De s k Top Engine Simulator 
(j\ 
~ 
Engine CyRl~ ~iming Switc4 
The engine cycle timin~ switch consi~ts of a qjrcular 
copper clad phenolic board etched so as to have 10° wide 
copper segments radiating inward to~ copper ring. Between 
the 10° copper segments ts pnenolic insulation. A sliding 
brush is in continuous contqct with the i~er ring, while a 
second brush alternatelr makes contact with~ copper segment 
and breaks contact when it touyhe~ a phenoli~ seg~ent. 
Rotation of this disk on the motor output shaft inter-
rupts a DC voltage which is con~ected in series to an oscil-
loscope. The pulses displayect on the scope allow the 
operator to follow the va~ious portions o( the engine rota-
tional cycle. 
T~chometer 
Connected to the front of the motor o~tput shaft is the 
mechanical tachometer u~~d with the engi~e test qpparatus. 
The RPM of the simulator can be continuously monitored using 
this device. 
Timin~ and ~eset Switches 
Located on the output sqaft of the two to one gear 
reduction drive is one ca~ actuated miqr9switqh and two 
precision rotary switches. The rQtary switqhes tak~ the 
place of the camshaft timing switche~ while the microswitch 
simulates the camshaft reset switch of Fig~re ~7. 
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Oper~t;i.on 
The desk-top engine simulator simulates all of' the 
important characteristics pf' the actual hydroge:n engine 
without encountering the inconvenienpe associated with 
actual hydrogen engine operation. With tne simulator it has 
been possible to individ~ally tes~ and t~ouble shoot each 
individual subcircuit of tpe control VA~t w~thout involving 
the interaction of other related circµifS· 
CHAPTER IX 
LABORATORY CALIBRATION AND TESTING 
OF THE CONTROL CIRCUIT 
The completed prototype electronic control circuit with 
the accompanying solenoid actuated injector 7 with the desk-
top engine simulator, and with the test instrumentation used 
in calibration and testing, is shown in Figure 21. 
Instrumentation 
Two regulated power supplies were used to simulate the 
RPM transducer voltage, while two precision digital volt-
meters were used to monitor this input. 
An oscilloscope was used to monitor injector open and 
close angles, circuit switching time, and engine rotational 
position. To accomplish this, the solenoid power voltage 
and the engine timing signal were superimposed on each other 
and displayed on the upper scope trace (the first superim-
posed square wave after the center grid line of Figure 22 is 
the TDC position of the engine cycle), while the injector 
valve switch signal was displayed on the lower scope trace. 
1b.e trigger of the scope was driven by the output of the 
camshaft timing, switch, so that when the switch closed 7 both 
the scope trigger and the UJT timing circuits were energized 7 
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1Solenoid injector with e~gi~e cylinder bead. 
2Switching circuit containin$ two flip~flop 
subcircuitso 
3Injector and fuel tlow timing unijuncti9n tr~nsistor 
subcircuit. 
4 Desk top simulator. - - ~- - - - - - ~ ~ ~ ~ - - -
Figure 21. Circuit-Simuiator Assembly 
Figure 21 . Circuit-Simulator Assembly 
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thereby displaying the time delay betw~en the instant of 
contact of the camshaft switch and the instant of switching 
for the respective SCR flip-flQp circu~t. ln i;1.dditi,on, the 
instant of injector valve open and close could be determin-
ed relative to engine ro~ational position by comparing these 
two signal displays. 
Calibratiop and Tes~in~ 
Before each test the UJT base voltages, V88 , were set 
such that each breakover voltage was 4.87 v0lts. After sev-
eral preliminary runs, the appropriate values of R~ ~nd RL 
(Figure 17) were determined to be 39k .ohqis while Cu and CL 
were determined to be 0.20 and 0.25 mic:irnfarads, respectively. 
The deviations between these actual values and the theoreti-
cal values previously mentioned takes into account toler-
ances in the various electronic component~r 
Table IV is a tabulation of actual circuit and solenoid 
valve response after calibration. It is evident from this 
data that circuit response time is sq close to the theoreti-
' cal values (Figure 13) that the differences between such 
curves would be indistinguisha~le if clraw.i:i to normal scale. 
Figure 23 illustrates the variation between theoretical and 
actual transducer inputs. Ip each case, a fixed voltage 
must be added to over~o~e the voltage drop in the diodes Du 
The accuracy of these time and voltage values are lim-
ited only by accuracy of scope observat:j_ons which would 
TABLE IV 
CONTROL CIRCUIT RESPONSE 
Timing Circuit Fuel Flow Circuit 
RPM Eot Eoa -~- t ta C!)o Eot Eca tt ta cp~ 
1000 5.02 5o40 2603 2605 +15 5o02 5o37 26.3 25o5 +17 
1500 5.70 6.08 14.5 14.o + 5 5o44 5.79 1609 16.5 -12 
2000 6.58 6.96 10.1 10.0 + 2 5.94 6.29 12.9 13.0 -25 
2500 7 .61 7. 99 7.66 7.7 0 6.54 6.89 10.2 10.2 -J8 
3000 9.28 9.66 5.58 5.5 2 7.27 7.62 8.J 8.5 -48 
J-5{)0 11.-88 12.26 3.96 4.o - 5 -8 .18 B.53 6 .-8 7.0 -55 
4000 16 .51 16.89 2.62 2.6 9.37 9.83 5.5 5.8 -60 
Note: E0 ~ = Theoretical emitter breakover voltage. 
E0 a = Actual emitter breakover voltage. 
tt = Theoretical circuit response time. 
ta = Actual circuit response time. 
cp 0 = Injector valve open angle. 
~ 0 = Injector valve close angle. 
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range from a condition of one millisecond err9r while ob-
serving a 25 millisecond signal on the five mil\isecond per 
centimeter scope scale or 
.1.... (100) = 4% 
25 
to a Oo1 millisecond error while observi~g a two millisecond 
signal on the one millisecond per centime~er scope scale or 
0 21 (100) ~ 5%. 
Both of these inaccuracies are considered quite acceptable 
for this type of analysis. 
The determination of injection time relative to engine 
angular position was the least accurate of all measurements. 
This was caused by the inaccuracy in the tacnometer and the 
difficulty in maintaining an exact engine simulator RPM. 
The tachometer has an accur&cy of ~1% of t0,000 ~PM or 
±100 RPMo In the design oP,erating rang~ qf this engine 
(0-5000 RPM) 7 this represents 2% of ma~i~um speedo The dif-
ficulty of reading this meter to ±100 RPM combined with the 
difficulty of maintaini~g a constant ~imulator speed yielded 
maximum angular deviations of up to 1QQ fro~ the ~xpected 
valueo 
The above angular errors are not cons~dered serious in 
this engine since experiments with the meqhanical injeGtor 
engine show satisfactory engine performany~ re~uits over 
wide ranges of injection initiation a~gle$. 
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Particular Design Outline 
When an improved solenoid injector valve is devel-
oped, ·it should be a relatively simple task to adapt this 
valve and the previously described control circuit to any 
conventional engine. A description of the basic adaptation 
procedure follows: 
1) Determine the solenoid pick-up time and solve 
Equation (2) over the desired operating range. 
~) Determine the camshaft timing switch preset. 
J) Match the curve generated by this particular 
solution of Equation (2) to an acceptable 
range of Equation (4), using as a guideline, 
E 
values of~ less than about 0.98. This 
specifies the relationship between E and RPM. 
4) Assign Ru a value such that the product of 
RuCu yields the value shown in Equation (4) 
of step J. Note that values of Cu lower than 
0.2 microfarads are generally undesirable. 
5) Assign a maximum value of RL in the power 
transducer such that the RLCL product agrees 
with Equation (4) step J. Note that values 
of CL less than 0.2 microfarads are also 
undesirable. 
6) Calibrate the circuit and adjust resistances 
Ru and RL to compensate for component 
tolerances. 
7) Match input voltage values, E, of step 3 to 
RPM transducer outputs, and match the 
resistance output of the power tr~nsducer 
to the circuit require~ents. 
8) Assemble circuit and peripher~l equipment and 
make final tests on t4e engine si~ulator. 
9) Assemble completed system on tpe engine and 
make final adjustment. 
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CHAPTER X 
SUMMARY AND CONCLUSIONS 
Scope of the Problem 
The scope of the problem detailed in this di~sertation 
can be subdivided into t~e following phase$: 
1) Perform a preliminary design ~tudy. 
2) Design and fabricate a protqtyp~ me~hanical 
injector research engine. 
J) Design and fabricate an engine test facility. 
4) Determine,by testing, this eng~ne's charact~r-
istics when fue~ed with iso~octane. 
5) Test, modify, and retest this e~gine when 
fueled with hydrogen. 
6) Design, fabricate, and test a prqtotype con-
trol circuit for use on a hydrogen :t;'ueled 
engine. 
Conclusions 
Preliminary Design Analysis 
Preliminary research indic&ted that successful hydrogen 
engine development might be possible if ~wo problems ~ould 
be overcome. The first of these was engine knock caused by 
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detonation and preignition. The second was excessive engine 
operating temperatures as experienced when .pure oxygen was 
used as the oxidizer. 
Mechanical Injector Design and Fabrication 
With the above two problems in mind, the mechanical 
injector engine was designed with the basic approach of 
modifying a conventional single cylinder industrial engine 
to incorporate a camshaft operated injector for hydrogen 
fuel delivery. This modification included: 
1) Design of an injector and injector drive 
mechanism. 
2) Design of a variable timing ignition system. 
J) Design of a strobe-light timing system in-
corporating a vibration dampening flywheel. 
4) Conversion and installation of an electric 
starting system. 
5) Modification of the air-induction system.to 
incorporate a float type carburetor. 
6) Modification of the basic engine to accept 
the above systems and associated 
instrumentation. 
Engine Test Facility 
A water-brake type' dynamometer was chosen as the cen-
tral device in the test apparatus. Around this dynamometer, 
both an iso-octane and a hydrogen fuel supply system were 
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added. Provision was made tp monitor crankcase, cylinder 
head 7 and exhaust gas temperatures a.s well as engine opera-
tion time. Air and fuel flow meters were installed to com-
plete the instrumentation. 
Iso-Octane Engine Tests 
I t 
One hundred twenty-three test r~ns were ~ade with the 
iso-octane fueled counterpart of the hydrogen engin~. Com-
plete engine operational characteristics as well as operator 
training and facility testing were determiµed during these 
runs. The data collec~ed led to the establi~hment of the 
basic fuel requirement theo:ries needed to formulate Et, design 
of the electric injection 1=1ontrol system. 
Hydrogen Engine Operation 
Utilizing the basia mechanical inje~tor design de-
scribed above,the hydrogen engine wa~ operated for over ~i 
hours on both glow and spavk plug ignition. S~ark plug 
ignition was found to be preferable. 
Preliminary emphasis was placed on a continuou~ modifi-
cation program rather than oµ performance testing. This 
direction led to establishment of knock-free performance 
under all operating speeds and up to aQout 50% power. Solu-
tions to both of the above mentioned resea:rph problems, 
knock and excessive temperatures, were achieved under exper-
imental conditions~ 
Control Circuit Design, Fabrication 
and Test 
By incorporating two SC!f flip-flop switching circuits 
with two RC time delay ciryuits and a reset circ~it, a 
prototype electric injection control device was developed 
that accurately timed a pairiof solenoid i:q.jel'.,tors. Both 
the injection initiation and t~rmination time~ wer~ con-
trolled within acceptable tolerances. 
Discussion 
The high en~rgy content and clean re~ction products 
of hydrogen make it a desirabJ.e motor fuel. The difficul-
ties of engine kno~k, handling safety, and cost have, 
however, tended to prevent its use as a practical fuel in 
the past. 
The disadvantage of incorporati~g an injectiqn system 
in an engine design is partially offset by the following 
advantages: first, the need for cold starting mixtqre 
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enrichment is eliminated since hydrogen ha~ no difficulty 
vaporizing in any normal temperature region. $econd, an 
acceleration enrichment device is not needed since hydrogen 
will always remain in the gaseous state. Also, it$ wide 
flammability limits allow larger tolerances in air~fuel 
ratio control.o 
Recent efforts in space and missile research have de-
creased the cost of liquid nydrogen to about fifty cents per 
pound and have greatly increased the safety of its 
handling (14)" 
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Since research leading to this dis~ertation has shown 
that it may be possible to build a knock-free engine, it is 
conceivable that a practical engine may be d~veloped that 
can replace the present fossil fueled engine and,thereby 
help combat air pollution. 
Suggested Fµture Researph 
The preliminary work recorded herein has only shown 
one direction that could be taken in the d~velopment of a 
practical hydrogen engine. Co~sidering the urgency in the 
development of a nonpolluting mobile powe~ plant for today's 
civilization 9 it would seem desirable to stimulate further 
research in the following areas: 
1) Development of a practical mechanical injector 
engine a 
2) Further improvement and miniaturization of the 
electric injector control. 
J) Development of peripheral devices to be used 
with the control circuit. 
4) Completely optimize a hydrogen fueled 
reciprocating engine. 
Actually, each of the for~going items could easily be 
broken down into numerous sqb-areas for individual research 
and planning. 
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APPENDIX A 
ENGINE TEST AND PERFORMANCE DATA 
One hundred twenty-three exper:imenta],. test runs were 
performed on the B & S test engine using ASTM iso-octane 
fuel. The first 19 tests were made with various mixture and 
power settings required for training personnel. RQ.nSI 20-123 
were at maximum attainable power under various spEleds and 
ignition timings. 
A condition believed to be a harmonic resonance at 
3000 RPM yielded consistent low horsepower and torque read-
ings during these runs. Also, vibration and erratic float 
operation caused large fluctuation in the recorded fuel flow 
in some cases. 
A refined test procedure was incorporated for fuel flow 
measurement and the 3000 RPM speed was avoided in runs 
80-123. Between run numbers 96 and 123, the throttle was 
progressively closed from 100% to 80%, 60%, 40%, 20%, and 
15% of linear motion of the throttle lever on the dynamome-
ter. All runs after number 96 were at 15° before top dead 
center. 
Various plots of the data were made. Three illlportant 
plots, however? are presented as Figures 5, 6, and 7 of this 
report. Figure 24 and the succeeding page is a flow diagram 
84 
Start 
Read Engine Test Data 
Calculate Correction Facto, -
Calculate Horsepower and Torqm 
Write Octane Statement 
Calculate Brake Efficien 




1 H dro 
Calculate Fuel Flow, 





11,....~-t,uent Volume, Volumetric 




Figure 24:u Engine Computer Program Flow Diagram 
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INTEGER ART·E'MP'iRP-M,-EXTEMP, CHTEMP,.CRTEHP,P 1., P-2, f 1, T2 
3 READ-!- 5,41 ART HIP, BPRES, HUMCF ,RPM, POUND, A.I Rf LO, GASFLO,•EXTEMP ,CHT-EMP, 
·ccRTEMP.,HFP-RES ,IGN.,PI ,P-2, TI, T2~TlH, ZFACTl, ZFA.CT2, INJECP 
-4 FORM AH I z·.-F4~2 ,F5-.4,·14,2F3. I, F3.2 ,214.-13. f4 • z; 514,•F4.2,2-F4.3 ,141 
C BORE,STROKE,PfSTON DlSPLAc-EHE.NT. ANO CLEARMICE .VOLUME ARE IN ·INCHES 
BORE=Z.500 
S-TROK.E=Z.125 
PD=I.0, •. 72 
Cl.VOl=Z.08 
CR=6 •. 18 
6 FORMAT ( 2X, 2HHP',3X-,-1HT, 3x_, 3HF /A..,3X,4HEFBT, IX,4HBSFC ,1X,4HEFVL-, 1X,4H 
. CBMEP, 2X,3HPCF, 3X, 3HTCF ,3X, 3HHCF ,3X, 5HFORCE, lX, 4HAFL0,2X, 4HFFlO,lX, 
. C2HAT, lX, 4HEX-T,2X,3-HCHT, lX, 3HCRT, lX ,.5HBARPR, ll<-, 5HMANPR,ZX, 3HlGN, 2X 
C,-5HACT-V,-2·X,,5HTHE-V, 3X-,3HRPM, 1:1 
c PERFORM CAlCUlAT!ONS-TO_RQUE r.s IN FOOT POUNDS 
C CORRECT TO STANDARD CONDITIONS 
'P-RESC.F=l. 000-0 .• 0396*-1-BPRl:S,-29 .951 
TEMPCF=-1• 000•0.000915*1 ARTl:HP-60J-
ARFlOW=AI RFLO .. PRE St:F*TEMPCF*HUMCF 
1.2 HP= ( POUND"RPH/ 10000] *PRESCF*T EKPCF"'HUMCF 
13 TORQUE= ( HP-*I0000*0.525 l/RPH 
7 IFIGASFLOl45 1 16,~ 
9 ·WRITEl6..IO.I 
1-0 FORHATl1X.,44HTH1S IS- AN •OCTANE BURNING ENGi.NE _CALCULATJON,//11 
FUl-AIR=GASFlO/ARHOW 
-14 EFFBTH:HP*2545,t.(.GA·SFLO*t90001 
C BSFC tS l-l'l .POUNDS ·-PER ·-BHP' HOUR 
15 BSFC=GASFlO/HP-
GO TO 20 
16 WRIT.EH'>,.171_ 
17 FORHAT11X,45HTHl'S 1S A ·HYDROGEN -BURNING ·ENGINE CALCULATION,///l 
VOL=3.I4 -
HVDFlO=I VOl*60/I Tli-1'"7671 I*{ flpl-,.t BPRES>l<0.-4g1) 11! IT l<-4601 *ZfACTl l l-





GO TO 20 
C AIRFLOW JS IN POUNDS PER HOUR 





1;R !TE I 6,25) HP-. TORQUE ,FULAl R,EFFBTH, BSFC, EFFVOl ,BMEP, PRESCF, TEMl'Cf, 
CHUMCF, P.OUND,AIRFLO, GASFLO, ART EHP. EXTEHP, CHTEMP, CRTEMP., BP RES, I-IFPrtF.S 
C, IGN,·ACTVOL• THEVOL,-RPH 
J=J+l , 
IFIJ-113.50,'50 
25 FORHAT I lX, F<o~ 2,1X,F4.2,1-X,F5.3 ,1X,F'>.2 •. 1X,F4.2, 1X,F4.2, lX, F4.0, !X, 
CFS. 3, Ix. F5.3, l X,F6.4, 1X, F4.1,-1X ,·F5.1,.i-x,F5. 2, IX, 12 ,lX, 14, IX, 14, ll! o 
C 13, lX ,F5. 2, lX, F5. 2 ,lX, 14, 1 X,F6.1, IX-,F6.1, ZX, 14, II I I 
45 WRIT EC 6,461 
46 FORHATIIX,25HGASFLOW VALUE JS NEGATIVE] 





and computer program which was used to calculate th~ final 
data used in constructing these graphs. 
APPENDIX .B 
COMPUTER PROGRAM FOR IN,JECTOR SYNCHRONIZATION 
The following program solves Equation (Li) of Chapter VI 
for various values of 
and 
O< ~t: ·<O 0.050 _ E _ .,9999 
0.001 <RC< 0.010. 
A plot of the family of curves thus generated allows the 
selection of the curve that most closely approximat~s the 
curve of Equation (2) of Chapter VL This :p:i;-ocedure, there-
fore, defines the electric circuit which simulates the 
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EC 1=4. 87 
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